OW fluctuations with respiration, "pulsus have been ascribed 4 to the failpericardium to transmit the negathoracic pressure to the left atrium le. Katz and Gauchat 5 suggested pulmonary veins would be subject egative inspiratory pressure and would arily pool blood, causing a diminution into the left heart, and thereby a decreased stroke volume. Dock, 0 from experiments with cadavers, inferred that pericardial pressure actually rose during inspiration in cardiac tamponade. Shabetai et al. 7 discounted the theory of pooling in the pulmonary veins, but did not report observations on pericardial pressure swings with inspiration in their experiments.
To date, no reports exist of pericardial pressures in normal animals, nor in tamponade in chronic animal preparations. We are reporting our study of the respiratory fluctuations of pericardial pressure in chronic control animals, and under conditions of tamponade.
Methods
Fourteen dogs weighing 20 to 28 kg were prepared under aseptic conditions by suturing a silastic catheter* into the pericardial sac and a •Supplied by Ethel G. Mullison, Ph.D., of the Dow Coming Center for Aid to Medical Research. 
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-8 flat silastic balloon* 20 X 25 mm in the pleural space ( fig. 1 ) The animal was allowed to recover and the pericardial sac was irrigated with saline containing hydrocortisone on the day of operation and daily for three days thereafter. The integrity of the pericardial sac was confirmed by recovery of the irrigating fluid and by X-ray. The animals were studied three days to five •See footnote on page 493.
weeks postoperatively under light anesthesia produced by morphine, 1.5 to 2 mg/kg, and pentobarbital, 12 to 15 mg/kg. Arterial and venous pressures were measured by catheterizing appropriate vessels. Pressures were recorded by means of Statham P23Db (arterial), P23bb (venous), and Sanbom 276 (pericardial and pleural) transducers, with zero level at the mid right atrium. All animals appeared to be in excellent health at the time of study, and at autopsy the pericardium was translucent and appeared normal. Tamponade was produced by infusion into the pericardial sac of 100 to 330 ml of sterile saline at 37.5°C.
Results
In the control period, pleural and pericardial pressures were closely related during inspiration and expiration* (table 1). The average fluctuation in both pressures with quiet breathing was 7 mm Hg. The maximum difference between pleural and pericardial pressure, during either inspiration or expira-*The "absolute" pressure in the pericardial sac is difficult to determine, since the transducer placement is somewhat arbitrary. For zero reference we used one-half of the ventral-dorsal thickness of the chest at the level of the apical cardiac impulse, with the animal supine. Although our "zero" pressure may be in error, changes in pressure with respiratory or cardiac cycle can be determined with considerable precision and accuracy. tion, was 3 mm Hg with agreement generally excellent (correlation coefficient 8 0.78, significant at the 1% level). The close correlation of pleural and pericardial pressures persisted, even during positive pressure ventilation.
The cardiac cycles were easily identifiable, being superimposed upon the respiratory fluctuations of pericardial pressure. The details of the cardiac pressure changes varied from animal to animal, and even in the same animal from one day to the next. In general, atrial contraction produced either an increase of pericardial pressure or a biphasic pulse ( fig. 2) . A considerable reduction of pericardial pressure occurred during ventricular systole, and again during the rapid filling phase of ventricular diastole. Pericardial pressure rose briefly during late systole, presumably because of atrial filling, and more gradually during the slow phase of ventricular filling. The pressure changes during the cardiac cycle amounted to 12 to 50% of the respiratory fluctuations in pericardial pressure, with an average of 30%.
Adding warm saline to the pericardial sac always increased pericardial pressure, but the slope of the pressure-volume curves varied considerably ( fig. 3 ). Tamponade, with marked pulsus paradoxus and reduction of blood pres-sure, required volumes of 100 to 330 ml of saline. The pressure-volume curves in some dogs rose sharply with initial infusions, became level in all dogs for intermediate volumes, and finally rose steeply with the later increments. Hysteresis was present, without exception, in pressure-volume curves produced by withdrawal of the saline from the pericardial sac ( fig. 4 ). However, the differences in pressure between infusion and withdrawal curves were relatively small, rarely exceeding 3 mm Hg.
During cardiac tamponade the pericardial pressure greatly exceeded the pleural pressure, which remained at control levels ( fig.  5, table 1 ). Nevertheless the respiratory fluctuations of pleural and pericardial pressure were similar (table 1) although they showed much more scatter than in the control state (r = 0.40, not significant statistically). Also, the inspiratory decreases of pericardial pressure in the control state were close to those observed during cardiac tamponade ( fig. 5, table 1 ; correlation coefficient 0.69, significant at 1% level). Without exception, a significant inspiratory decrease of pericardial pressure occurred during cardiac tamponade as well as during the control state. Cardiac pulsations in pericardial pressure 
Pressure-volume relationships from four representative experiments, to show effects of infusing warm saline into the pericardial sac.
were much more prominent than in the control state, with amplitudes of 36 to 67% of the respiratory pressure swings, and with an average of 50% ( fig. 5 ). Caval pressure was measured in 12 animals preceding and during cardiac tamponade. Inferior vena caval pressure was determined in eight, superior vena caval pressure in three, while in one dog simultaneous measurements were made in both cavae. In seven dogs there was an inspiratory fall in venous pressure of 1 to 5 mm Hg in the resting state while five animals showed a 1 to 4 mm Hg inspiratory increase. The inspiratory increase of pressure occurred only in the abdominal inferior vena cava. During cardiac tampon-ade, all twelve animals showed an inspiratory decrease of pressure in the inferior as well as the superior cava. However, the pressure fluctuation was considerably less than in the pleural or pericardial spaces. Acute hypovolemia, produced by removing 30 ml of blood/kg body wt, produced no consistent change in the base line of pericardial pressure, although respiration was increased in rate and depth. Hypervolemia, induced by rapid infusion of 30 mlAg of saline, produced a gradual rise in pericardial pressure of 2 to 5 mm Hg, as well as an increase of respiratory and cardiac pressure excursions in the pericardial sac. The effects of saline infusion into the pericardium in an animal during hypo-and hypervolemia are demonstrated in figure 4 . The later portions of the respective pressure-volume curves show that the rise of pericardial pressure with added saline was roughly proportional to the blood volume of the animal.
Discussion
Our results indicate that there is a close relationship between pleural and pericardial pressures in the normal dog, and that the use of pleural pressure to estimate distending pressure for the heart in chronic experiments Pressure-volume relationships in the same animal (C-23) in nomwvolemic state, after removal of 30 ml blood/kg body wt, and after replacement of blood plus 30 ml saline/kg. The two normovolemic curves represent infusion and withdrawal relationships, demonstrating mild hysteresis.
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is reasonable under normovolemic conditions. The error introduced by the use of pleural rather than pericardial pressure will rarely exceed 2 mm Hg, or 30% of the respira-497 tory fluctuations of in tra thoracic pressure.
Although the absolute level of pressure in the pericardium during tamponade is considerably elevated, the transmission of the inspiratory drop in pressure is very faithful.
Considering the relative incompressibility of liquid, this is not surprising.
There is adequate evidence that inspiratory drop in pleural pressure is transmitted to the left heart, both in man 9 ' 10 and animals. 11 There is no evidence that pulsus paradoxus is due to failure of the pericardial sac to transmit the inspiratory drop in pleural pressure. 6 Certainly, the pericardial pressure does not rise with inspiration in cardiac tamponade.°S ummary Pericardial pressure was studied in chronic experiments on dogs with relation to intrathoracic pressure in the normal state and in cardiac tamponade. In the normal resting animal, the two pressures were in good agreement throughout the respiratory cycle. The cardiac cycle produced superimposed pressure fluctuations amounting to 30% of the respiratory swings.
Adding saline to the pericardial sac produced sigmoid pressure-volume curves; tamponade required 100 to 330 ml of fluid. Although during tamponade the pericardia] pressure greatly exceeded the intrathoracic pressure, the pericardial pressure invariably fell with inspiration, generally by the same amount as the intrathoracic pressure. The cardiac cycle produced greater pressure fluctuations (50% of the respiratory pressure fluctuations). The superior vena caval pressure always fell with inspiration in the normal state and during tamponade.
Hypovolemia did not change the resting pericardial pressure, but decreased the slope of the pressure-volume curve measured during cardiac tamponade. Hypervolemia increased the resting pericardial pressure considerably, and increased the slope of the pericardial pressure-volume curve.
The results suggest that pleural pressure is a reasonable approximation of the pericardial pressure in normal dogs. There appears to be no substantial evidence that pulsus paradoxus is due to failure of the pericardial sac to transmit inspiratory reductions of pleural pressure.
